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(57) ABSTRACT

In aprocess for forming trenches having M different widths 1n
a substrate, a passivation step and an etching step are alter-
nately performed. The passivation step includes depositing a
passivation layer on a bottom of the trenches by converting
gas 1mtroduced 1 a chamber into plasma. The etching step
includes removing the passivation layer on the bottom of the
trenches and applying reactive 1on etching to the bottom to
increase a depth of the trenches. The etching step further
includes setting energy for the reactive 10n etching to a pre-
determined value when the passivation layer on the bottom of
the trench having the Nth smallest width 1s removed. The
value allows the etching amount of the trench having the Nth
smallest width to be equal to or greater than the etching
amount of the trench having the (N+1)th smallest width.

12 Claims, 16 Drawing Sheets
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SEMICONDUCTOR DEVICE
MANUFACTURING METHOD

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s based on and claims priority to Japanese
Patent Application No. 2010-78251 filed on Mar. 30, 2010,
the contents of which are incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to a semiconductor device
manufacturing method 1 which trenches having different
widths are simultaneously formed in a substrate.

BACKGROUND OF THE INVENTION

When a trench 1s formed 1n a silicon (S1) substrate by a dry
ctching technique, the etching rate depends on a width of an
opening of a mask. The dependence of the etching rate on the
opening width of the mask 1s known as the “RIE-lag”. Due to
the RIE-lag, 1t 1s difficult to simultaneously form trenches
having the same depth and different widths 1n a S1 substrate.
FIG. 18 1s a diagram 1llustrating a relationship between a
depth of a trench and a width of an opening of a mask when
the trench 1s formed by a dry etching technique using the
mask. As can be seen from FIG. 18, the trench depth 1s almost
constant in a range where the mask opening width 1s greater
than a certain level. In contrast, the trench depth decreases
with a decrease 1n the mask opening width 1n a range where
the mask opening width is less than the certain level.

As disclosed, for example, in JP 2002-158214 A, 1t 1s
possible to simultaneously form trenches having the same
depth and different widths 1n a silicon-on-mnsulator (SOI)
substrate. Since a buried oxide layer of the SOI substrate can
serve as an etching stopper, the depths of trenches having
different widths can be made equal by etching the trenches
until the trenches reach the buried oxide layer.

However, since a SOI substrate 1s much more expensive
than a S1 substrate. Therefore, there 1s a need for a technique
to form trenches having the same depth and ditferent widths
in a S1 substrate. That 1s, there 1s a need for a technique to form
trenches having different widths 1n a S1 substrate by control-
ling the depths of the trenches independently.

In JP 2010-287823 A, which was filed by the present inven-
tor, a double-layer structure passivation layer having an oxide
layer and a polymer protection layer 1s formed on inner walls
of trenches having different widths to reduce the RIE-lag so
that the depths of the trenches can be made equal.

However, according to the method disclosed 1n JP 2010-
287823 A, 1t 1s difficult to reduce the RIE-lag, 1f an aspect
ratio of the trench 1s outside a certain RIE-lag reduction
range. Further, since the passivation layer has a double-layer
structure, manufacturing time 1s increased.

Specifically, as the etching depth become larger, 1t 1s more
likely that the passivation layer remains on the bottom of the
trench so that silicon needles (1.e., so-called “black silicon™)
can be formed on the bottom of the trench. The present inven-
tor conducted an experiment to measure the RIE-lag reduc-
tion range. FIG. 19 1s a diagram illustrating a result of the
experiment. As can be seen from FIG. 19, when the aspect
ratio of the trench 1s greater than about 20, the depths of the
trenches are not made equal, and the black silicon 1s formed in
the trenches.

Further, since the passivation layer has a double-layer
structure, there 1s a need to perform a step of forming a layer
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and a step of removing the layer for each layer of the passi-
vation layer. As a result, the manufacturing time 1s increased.

SUMMARY OF THE INVENTION

In view of the above, 1t 1s an object of the present invention
to provide a method of manufacturing a semiconductor
device by controlling depths of trenches having different
widths mndependently without an increase 1n manufacturing
time.

According to an aspect of the present invention, a method
of manufacturing a semiconductor device includes preparing
a waler having a silicon layer on which a mask having open-
ings 1s located. The openings have M different widths, where
M 1s a positive mteger more than one. The method further
includes placing the water 1n a chamber and forming trenches
simultaneously in the silicon layer through the mask. The
trenches have M different widths defined by the openings of
the mask. The forming includes alternately and repeatedly
performing a passivation step and an etching step. The passi-
vation step includes depositing a polymer passivation layer
on a side wall and a bottom of the trenches by converting gas
introduced in the chamber into plasma. The etching step
includes removing the passivation layer on the bottom of the
trenches until the silicon layer 1s exposed to the bottom and
applying reactive 1on etching to the exposed silicon layer to
increase a depth of the trenches. The etching step further
includes setting incident 1on energy for the reactive 10n etch-
ing to a predetermined energy value when the passivation
layer on the bottom of the trench having the Nth smallest
width 1s removed, where N 1s a positive integer less than M.
The energy value allows the etching amount of the silicon
layer at the bottom of the trench having the Nth smallest width
to be equal to or greater than the etching amount of the silicon
layer at the bottom of the trench having the (N+1)th smallest
width within a remaining time of the present etching step.

According to another aspect of the present invention, a
method of manufacturing a semiconductor device includes
preparing a waler having a silicon layer on which a mask
having openings 1s located. The openings have M different
widths, where M 1s a positive integer more than one. The
method further includes placing the wafer in a chamber and
forming trenches simultaneously in the silicon layer through
the mask. The trenches have M different widths defined by the
openings of the mask. The forming includes alternately and
repeatedly performing a passivation step and an etching step.
The passivation step includes depositing a polymer passiva-
tion layer on a side wall and a bottom of the trenches by
converting gas introduced 1n the chamber 1into plasma. The
etching step includes removing the passivation layer on the
bottom of the trenches until the silicon layer 1s exposed to the
bottom and applying reactive 1on etching to the bottom to
increase a depth of the trenches. The etching step further
includes setting incident 1on energy for the reactive 10n etch-
ing to a predetermined energy value after a predetermined
lapse time from when the passivation layer on the bottom of
the trench having the smallest width 1s removed. The energy
value prevents the passivation layer from being removed.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objectives, features and advantages of
the present invention will become more apparent from the
tollowing detailed description made with check to the accom-
panying drawings. In the drawings:



US 8,461,052 B2

3

FI1G. 1 1s adiagram 1llustrating an etching apparatus used in
a trench etching process of a semiconductor device manufac-
turing method according to a first embodiment of the present
imnvention;

FIG. 2A 1s a cross-sectional view illustrating a passivation
step of the trench etching process, FIG. 2B 1s a cross-sectional
view 1illustrating a passivation layer removal sub-step of an
etching step of the trench etching process, and FIG. 2C 1s a
cross-sectional view 1llustrating a Si-etching sub-step of the
ctching step;

FIG. 3A 1s a cross-sectional view 1llustrating the passiva-
tion step performed when two trenches having different
widths are simultaneously formed, and FIG. 3B 1s a cross-
sectional view 1llustrating the etching step performed when
the trenches are simultaneously formed;

FI1G. 4A 1s a diagram illustrating a change 1n an intensity of
an emission peak dertved from F radical, FIG. 4B 1s a diagram
illustrating a change in an amount of deposition of a passiva-
tion layer on a bottom of the trench and illustrating a change
in the amount of a S1 layer removed at the bottom of the
trench, and F1G. 4C 1s a diagram 1llustrating a change 1n a bias
RF power;

FIG. 5 1s a diagram 1llustrating a relationship between the
bias RF power and a normalized etching rate;

FIG. 6A 1s a timing chart illustrating a gas tlow rate during
the etching process, FIG. 6B 1s a timing chart illustrating a
plasma RF during the etching process, FIG. 6C 1s a timing
chart illustrating the bias RF during the etching process, and
FIG. 6D i1s a timing chart illustrating an emission intensity at
the peak of F radical during the etching process;

FI1G. 7 A 1s adiagram 1llustrating the trenches formed by the
ctching process according to the first embodiment, and FIG.
7B 1s a diagram 1illustrating the trenches formed by a normal
ctching process;

FIG. 8 1s a diagram 1llustrating a relationship between a
bias RF power, a normalized etching rate, and a setting value
according to a second embodiment of the present invention;

FIG. 9 1s a diagram 1llustrating a change in an amount of
deposition of a passivation layer on a bottom of first and
second trenches and 1llustrating a change in the amount of a S1
layer removed at the bottom of the first and second trenches
according to the second embodiment,

FIG. 10 1s a diagram 1illustrating a relationship between a
bias RF power, a normalized etching rate, and a setting value
according to a third embodiment of the present invention;

FI1G. 11 1s a diagram 1illustrating a change 1n an amount of
deposition of a passivation layer on a bottom of first and
second trenches and 1llustrating a change 1n the amount of a S1
layer removed at the bottom of the first and second trenches
according to the third embodiment;

FI1G. 12A 1s across-sectional view illustrating a passivation
step performed when three trenches having different widths
are simultaneously formed, and FIG. 12B i1s a cross-sectional
view 1llustrating an etching step, according to the fourth
embodiment, performed when the three trenches are simul-
taneously formed;

FIG. 13 A 15 a diagram illustrating a change in an intensity
of an emission peak derived from F radical when the three
trenches are simultaneously formed, and FIG. 13B 1s a dia-
gram 1llustrating a change 1n a bias RF power when the three
trenches are simultaneously formed;

FIG. 14 A 1s a diagram 1llustrating a change 1n an intensity
ol an emission peak derived from F radical when M trenches
are simultaneously formed, and FIG. 14B 1s a diagram 1llus-
trating a change 1n a bias RF power when the M trenches are
simultaneously formed;
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FIG. 15A 1s a diagram 1llustrating a practical change 1n an
intensity of an emission peak derived from F radical when M
trenches are simultaneously formed, and FIG. 15B 1s a dia-
gram 1llustrating a practical change 1n a bias RF power when
the M trenches are simultaneously formed;

FIG. 16A 1s a diagram 1llustrating a change 1n an intensity
of an emission peak derived from F radical when first and
second trenches are simultaneously formed, and FI1G. 16B 1s
a diagram 1llustrating a change 1n a bias RF power when the
first and second trenches are simultaneously formed;

FIG. 17A 1s a diagram illustrating the first and second
trenches at the time Ta 1n FIGS. 16 A and 16B, and FIG. 17B
1s a diagram 1illustrating the first and second trenches at the
time Tb in FIGS. 16A and 16B; and

FIG. 18 1s a diagram 1llustrating a relationship between a
depth of a trench and a width of an opening of a mask when
the trench 1s formed by a dry etching technique using the
mask; and

FIG. 19 1s a diagram illustrating a RIE-lag reduction range.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Embodiments of the present invention are described below
with reference to the drawings. Throughout the embodi-
ments, the same symbols are given to the same or correspond-
ing parts 1n the drawings.

First Embodiment

A semiconductor device manufacturing method according
to a first embodiment of the present invention 1s described
below with reference to FIG. 1, FIG. 1 1s a diagram 1llustrat-
ing an etching apparatus 1 used 1n a trench etching process
(1.e., process for forming a trench) of the manufacturing
method.

The etching apparatus 1 has an etching chamber 2 1n which
a waler 3 with a mask having an opening 1s placed. A trench
1s etched 1n the water 3 by using the mask so that the trench
can be formed 1n the water 3 at a position corresponding to the
opening. An etching gas inlet line 4, a coolant gas inlet line 5,
and an outlet port 6 are connected to the etching chamber 2.

The etching gas inlet line 4 1s provided with a first mass
flow controller (MFC) 4a and a second mass flow controller
(MFEC) 4b. The first MFC 4a controls the flow rate of etching
gas mtroduced into the etching chamber 2. For example, the
cetching gas can be sulfur hexafluoride (SF6). The second
MFEC 45 controls the flow rate of passivation layer deposition
gas mntroduced into the etching chamber 2. For example, the
passivation layer deposition gas can be octafluorocyclobu-
tane (C4F8). The coolant gas inlet line 3 1s connected to a base
2a where the water 3 1s placed, so that the water 3 can be
cooled from 1ts back side by coolant gas introduced through
the coolant gas inlet line 5. For example, the coolant gas can
be helium (He). The outlet port 6 controls the degree of
vacuum 1n the etching chamber 2 by removing gas from the
etching chamber 2 by using a vacuum pump or the like.
Specifically, the amount of gas introduced through the etch-
ing gas inlet line 4 into the etching chamber 2 and the amount
of gas removed through the outlet port 6 from the etching
chamber 2 1s controlled to determine the degree of vacuum 1n
the etching chamber 2 by equilibrium state between the intro-
duced gas amount and the removed gas amount.

The etching chamber 2 has a radio frequency (RF) coil 7.
The RF coi1l 7 1s supplied with power from a plasma RF power
source 8. RF power of the RE coil 7 1s adjusted based on the
power supply from the plasma RF power source 8 so that the
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gas introduced into the etching chamber 2 can be converted
into plasma. For example, C4F8 gas can be converted into
CEFx*, and SF6 gas can be converted into SFx™.

The base 2a of the etching chamber 2 1s provided with an
clectrode 2b to which a voltage 1s applied by a bias RF power
source 9. The bias RF power source 9 1s independent of the
plasma RF power source 8. A RF electric field for 1on accel-
eration 1s produced between the plasma and the water 3 by
applying the voltage to the electrode 2b6. Ion 1incident energy
for etching can be adjusted by adjusting bias RF power of the
bias RF power source 9.

The etching apparatus 1 1s controlled by a process control-
ler 10, an emission spectrometer 11, a wavelorm analyzer 12,
and a fTunction generator 13.

The process controller 10 outputs control signals to the first
MEFC 4a, the second MFC 45, the plasma RF power source 8,
and the bias RF power source 9 so that a passivation step and
an etching step of the etching process can be alternately and
repeatedly performed every several seconds, for example.

FIGS. 2A-2C are diagrams 1illustrating the trench etching
process. Specifically, FIG. 2A 1s a cross-sectional view 1llus-
trating the passivation step of the trench etching process.
FIGS. 2B-2C are cross-sectional views 1llustrating the etch-
ing step of the trench etching process. The passivation step
and the etching step are alternately and repeatedly performed
by using a mask 32 having an opening 31 so that a trench 33
having a predetermined depth can be etched 1in the water 3. In
the passivation step shown 1n FIG. 2A, a polymer-type pas-
stvation layer 34 1s deposited 1n the trench 33 by a chemical
vapor deposition (CVD) method. In the etching step shown in
FIGS. 2B and 2C, the passivation layer 34 on a bottom of the
trench 33 1s removed so that a Si1 layer of the water 3 can be

exposed to the bottom of the trench 33, and then Si-etching 1s
applied to the exposed S1 layer so as to increase the depth of
the trench 33.

In the passivation step, the flow rate of C4F8 gas introduced
into the etching chamber 2 1s controlled by using the first
MFC 4a and the second MFC 45b. In the etching step, the flow
rate of SF6 gas mtroduced into the etching chamber 2 1s
controlled by using the first MFC 4a and the second MFC 4.

The plasma RF power 1s controlled independently between
in the passivation step and 1n the etching step. Likewise, the
bias RF power 1s controlled independently between in the
passivation step and in the etching step. Since the bias appli-
cation makes little contribution to passivation layer forma-
tion, the bias RF power can be 0 watt (W) 1n the passivation
step. In contrast, 1n order to remove the passivation layer 34
on the bottom of the trench 33 by 10n sputtering effect, there
1s a need to apply the bias RF power greater than a threshold,
which causes the sputtering effect, at an 1nitial stage of the
ctching step. Then, when the Si-etching 1s started after the
passivation layer 34 on the bottom of the trench 33 1s
removed, the bias RF power 1s reduced so that a reverse
RIE-lag can be caused. Details for this are described later.

Referring back to FIG. 1, the etching chamber 2 has a
chamber window 2¢ provided with an optical fiber 14. The
emission spectrometer 11 measures plasma light emission 1n
the etching chamber 2 through the chamber window 2¢ and
the optical fiber 14 so as to obtain the intensity of emission
spectrum of a wavelength to be measured. Specifically, as
described later, the emission intensity of F radical in SF6
plasma or C™ 10n 1n C4F8 plasma changes between before and
alter completion of removal of the passivation layer 34 on the
bottom of the trench 33. The emission spectrometer 11
obtains the intensity of an emission peak derived from F
radical or C* ion.
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There are several hundreds of emission peaks of F radical
in SF6 plasma within the visible range (e.g., from 200 nm to
900 nm). For example, at an emission peak wavelength of 704
nm, the emission intensity 1s reduced when the Si-etching 1s
started after completion of the removal of the passivation
layer 34 on the bottom of the trench 33, because F radical 1s
consumed by an etching reaction with Si1. Therefore, 1t 1s
possible to detect the start of the Si-etching by detecting the
reduction 1n the emission intensity.

Regarding C™ ion, for example, at an emission peak wave-
length of 514 nm, the emission intensity gradually decreases
as the removal of the passivation layer 34 on the bottom and
the side wall of the trench 33 progresses. Then, when the
passivation layer 34 1s completely removed, the emission
intensity reaches a constant value.

For the above reasons, in the emission spectrometer 11, the
plasma light emission in the etching chamber 2 1s measured
using a spectrum analyzer to obtain the intensity of the emis-
s1on peak of F radical or C™ 1on.

The wavelorm analyzer 12 compares a change in wave-
form of the emission spectrum measured by the emission
spectrometer 11 with a predetermined threshold, thereby
detecting that the passivation layer 34 on the bottom of the
trench 33 1s completely removed so that the Si1 layer of the
waler 3 can be exposed to the bottom of the trench 33. The
wavelorm analyzer 12 outputs a trigger signal upon detection
of completion of the removal of the passivation layer 34 on the
bottom of the trench 33. A method for detecting that the
passivation layer 34 on the bottom of the trench 33 1s com-
pletely removed 1s described in details below.

FIG. 3A 1s a cross-sectional view 1llustrating the passiva-
tion step performed when two trenches 33a, 336 having dii-
terent widths are simultaneously formed. FIG. 3B 1s a cross-
sectional view 1llustrating the etching step performed when
the trenches 33a, 3356 are simultaneously formed. As can be
seen from FIGS. 3A and 3B, the width of the second trench
335b 1s larger than the width of the first trench 33a. Therelore,
plasma for forming the passivation layer 34 can enter the
second trench 336 more easily than the first trench 33a.
Accordingly, as can, be seen from FIG. 3A, the thickness of
the passivation layer 34 formed in the second trench 335
becomes larger than the thickness of the passivation layer 34
formed 1n the first trench 33a. Therefore, the removal of the
passivation layer 34 in the first trench 33a 1s completed before
the removal of the passivation layer 34 1n the second trench
3356 1s completed. The Si-etching to the bottom of the first
trench 33a 1s started at the same time as the passivation layer
34 on the bottom of the first trench 33a 1s removed. As
mentioned above, the mtensity of the emission peak derived
from F radical or C™ ion changes upon completion of removal
of the passivation layer 34 on the bottom of the first trench
33a. Therefore, the start of the S1-etching to the bottom of the
first trench 33a can be detected by detecting the change in the
emission intensity. For example, 1t can be determined that the
Si-etching to the bottom of the first trench 33a 1s started when
the change 1n the emission intensity exceeds a predetermined
threshold.

In response to the trigger signal outputted from the wave-
form analyzer 12, the function generator 13 outputs a signal
that causes the bias RF power source 9 to output a voltage that
1s smaller than a voltage outputted from the bias RF power
source 9 before the wavelorm analyzer 12 outputs the trigger
signal. For example, the function generator 13 outputs a sig-
nal S1 shown in FIG. 1. The signal S1 rises upon start of the
etching step and steps down to one lower level upon 1nput of
the trigger signal into the function generator 13. The signal S1
outputted from the function generator 13 1s combined with a
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signal S2 outputted from the process controller 10 to form a
signal S3, for example, by a wavelorm synthesizer (not
shown). The signal S3 1s inputted to an input control terminal
of the bias RF power source 9 so that an output voltage of the
bias RF power source 9 can be reduced.

The etching apparatus 1 1s controlled 1n the above manner
to stmultaneously form the first and second trenches 33a, 335
having different widths i1n the wafer 3. Next, a concrete
example of the etching process performed by using the etch-
ing apparatus 1 1s discussed below.

Firstly, an etching process for forming the trench 33 having
a large aspect ratio 1s discussed below.

In the etching process, as mentioned previously, the passi-
vation step and the etching step are alternately and repeatedly
performed. As shown in FIGS. 2A-2C, the passivation step 1s
performed by using C4F8 plasma, and the etching step 1s
performed by using SF6 plasma. Specifically, the etching step
includes a passivation layer removal sub-step shown 1n FIG.
2B, and a Si-etching sub-step shown in FIG. 2C. In the pas-

stvation layer removal sub-step, the passivation layer 34 on
the bottom of the trench 33 1s removed by sputtering effect of
incident 1on energy, so that the S1 layer of the watfer 3 can be
exposed to the bottom of the trench 33. In the Si-etching
sub-step, the S1 layer exposed to the bottom of the trench 33
1s removed by reactive 1on etching (RIE) reaction to increase
the depth of the trench 33.

The intensity of the emission peak dertved from F radical
or C* 10on changes at the time of switching from the passiva-
tion layer removal sub-step to the Si-etching sub-step. There-
fore, the switching from the passivation layer removal sub-
step to the Si-etching sub-step can be detected by analyzing
the plasma emission spectrum. FIG. 4A 1s a diagram 1llustrat-
ing a change in the intensity of the emission peak dertved
from F radical. FIG. 4B 1s a diagram 1llustrating a change 1n
the deposition amount and a change 1n the etching amount.
The deposition amount represents the amount of deposition
of the passivation layer 34 on the bottom of the trench 33. In
other words, the deposition amount represents the thickness
of the passivation layer 34 formed on the bottom of the trench
33. The etching amount 1s the amount of the S1 layer removed
at the bottom of the trench 33 to increase the depth of the
trench 33. FIG. 4C 1s a diagram 1llustrating a change 1n the
bias RF power of the bias RF power source 9. Throughout the
drawings including FIGS. 2A-2C and 4A-4C, (1) represents
the passivation step, (2) represents the passivation layer
removal sub-step of the etching step, and (3) represents the
Si-etching sub-step of the etching step.

As shown in FIG. 4B, when the etching step 1s started after
the passivation layer 34 1s formed on the bottom of the trench
33 inthe passivation step, the passivation layer 34 1s gradually
removed. Then, when the passivation layer 34 1s completely
removed, the Si-etching for removing the Si1 layer at the
bottom of the trench 33 1s started.

As shown 1n FIG. 4A, the intensity of the emission peak
derived from F radical steps down to one lower level during
the etching step. Specifically, the intensity of the emission
peak derived from F radical steps down at a time ta indicated
by an arrow 1n FIG. 4B. The time Ta represents a time when
the etching step switches from the passivation layer removal
sub-step to the Si-etching sub-step. That 1s, the removal of the
passivation layer 34 on the bottom of the trench 33 1s com-
pleted at the time Ta. Therefore, the time Ta, when the etching,
step switches from the passivation layer removal sub-step to
the Si-etching sub-step, can be detected based on the change
in the mtensity of the emission peak derived from F radical.

In addition to the time ta, the emission intensity may
change at a first time of switching from the passivation step to
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the etching step and at a second time of switching from the
ctching step to the next passivation step, for example, due to
the exchange of gas 1n the etching chamber 2 and the change
in pressure 1n the etching chamber 2. It 1s noted that the first
time and the second time are detected by the process control-
ler 10 so that the time ta can be distinguished from the first
time and the second time.

It 1s noted that the intensity of the emission peak dernived
from C™ 10n changes in the same manner as the intensity of the
emission peak dertved from F radical. Therefore, the switch
from the passivation layer removal sub-step to the Si-etching
sub-step can be detected based on the change in the intensity
of the emission peak derived from C™ ion.

In the passivation layer removal sub-step, the polymer-type
passivation layer 34 1s removed physically by energy of inci-
dent 10n collisions. Since the energy of incident 10n collisions
depends strongly on the bias RF power, the passivation layer
34 cannot be removed 11 the bias RF power 1s less than a
certain threshold level. In contrast, 1n the Si-etching sub-step
subsequent to the passivation layer removal sub-step, the S1
layer at the bottom of the trench 33 1s chemically removed by
RIE reaction between the incident ion and F radical. Since the
reactivity between F radical and S11s very high, the S1-etching,
can progress without the 1on collision energy.

FIG. 5 1s a diagram 1illustrating a relationship between the
bias RF power and a normalized etching rate. As can be seen
from FIG. 3, since the removal of the passivation layer 34 on
the bottom of the trench 33 1s achieved by the sputtering
cifect, the removal of the passivation layer 34 1s not per-
formed until the bias RF power exceeds a removal threshold
TR. When the bias RF power exceeds the removal threshold
TR, the removal of the passivation layer 34 1s performed. A
removal rate at which the removal of the passivation layer 34
1s performed increases with an increase 1n the bias RF power.
In contrast, since the Si-etching of the trench 33 1s performed
by the reaction between F radical and Si1, the S1-etching can be
performed regardless of whether the bias RF power exceeds
the removal threshold TR. Like the removal rate, a S1-etching
rate at which the Si-etching 1s performed increases with the
increase in the bias RF power.

Thus, when the bias RF power 1s reduced below the
removal threshold TR, the Si-etching of the trench 33 1s
performed while preventing the passivation layer 34 from
being removed. Further, since a rate of decrease 1n the Si-
ctching rate 1s small, the Si-etching of the trench 33 can be
suitably performed when the bias RF power 1s reduced below
the removal threshold TR. Theretfore, the removal of the pas-
stvation layer 34 and the Si-etching of the trench 33 can be
performed independently by varying the bias RF power
between the passivation layer removal sub-step and the Si-
etching sub-step as shown 1n FIG. 4C.

In the discussion below with reference to FIGS. 3A and 3B,
the trenches 33a, 335 having different widths are formed by
the above described method.

As mentioned previously, the width of the first trench 33a
1s less than the width of the second trench 335, and the
passivation layer 34 1s deposited by a CVD method. There-
fore, 1n the passivation step, the thickness of the passivation
layer 34 formed on the bottom of the second trench 335
becomes greater than the thickness of the passivation layer 34
formed on the bottom of the first trench 33a. In contrast, in the
passivation layer removal sub-step of the etching step, the
passivation layer 34 1s removed at the same removal rate
between the first trench 33a and the second trench 334,
because the passivation layer 34 1s removed by an 10n sput-
tering method.
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Therelfore, the removal of the passivation layer 34 on the
bottom of the first trench 33a 1s completed betfore the removal
of the passivation layer 34 on the bottom of the second trench
33H 1s completed. Accordingly, the Si-etching of the first
trench 33a 1s started before the Si-etching of the second
trench 3356 1s started. The bias RF power 1s reduced below the
removal threshold TR upon completion of the removable of
the passivation layer 34 on the bottom of the first trench 33a.
A completion time (1.e., to 1n FIG. 4B), when the removable
of the passivation layer 34 on the bottom of the firsttrench 33a
1s completed, 1s detected by emission spectroscopy as men-
tioned previously. The passivation layer 34 remains on the
bottom of the second trench 335 at the completion time. The
remaining passivation layer 34 on the bottom of the second
trench 335 1s not removed due to the reduction 1n the bias RF
power below the removal threshold TR. Therefore, the Si-
ctching of the second trench 335 1s not started. As a result, as
shown 1n FIG. 3B, the S1 layer at the bottom of only the first
trench 33a 1s removed so that the depth of only the first trench
33a can be increased.

A phenomenon shown 1n FIG. 3B is a reverse RIE-lag. The
above etching process for causing the reverse RIE-lag by
controlling the bias RF power i1s heremafter called the
“reverse RIE-lag etching process™. In contrast, a normal etch-
ing process in which the bias RF power 1s not controlled 1s
heremnafter called the “normal etching process”. A normal
RIE-lag can be prevented by combining the reverse RIE-lag
etching process and the normal etching process at a predeter-
mined time ratio. Further, by adjusting the time ratio between
the reverse RIE-lag etching process and the normal etching
process, the depths of the first trench 33a¢ and the second
trench 335 can be controlled independently. Thus, the depth
of the first trench 33a can be made equal to, less than, or
greater than the depth of the second trench 3354.

Based on the above study, the etching process according to
the first embodiment 1s performed. FIGS. 6 A-6D are timing,
charts of the etching process according to the first embodi-
ment. The etching process according to the first embodiment
1s described below with reference to FIGS. 6 A-6D.

Firstly, the watler 3 1s prepared. It 1s noted that the mask 32
having the opening 31 1s on a front side of the water 3. Then,
the back side of the water 3 1s placed on the electrode 25 of the
base 2a of the etching chamber 2.

Then, the passivation step 1s performed. In the passivation
step, as shown 1n FIGS. 6 A and 6B, C4F8 gas 1s introduced
into the etching chamber 2 by adjusting the flow rate of C4F8
gas using the first and second MFCs 4a and 45, while adjust-
ing the RF power of the plasma RF power source 8 to a {irst
value necessary to form the passivation layer 34. Further, the
gas 1n the etching chamber 2 1s removed through the outlet
port 6 using a vacuum pump so that the degree of vacuum in
the etching chamber 2 can be adjusted to a predetermined
value by equilibrium state between the introduced gas amount
and the removed gas amount. Thus, C4F8 gas 1s converted
into plasma, and CFx* 1s produced so that the passivation
layer 34 can be formed. The passivation step 1s continued for
a predetermined period of time so that the passivation layer 34
can have a predetermined thickness. It 1s noted that since, the
width of the opening 31 corresponding to the second trench
335 1s less than the width of the opening 31 corresponding to
the first trench 33a, the thickness of the passivation layer 34
formed on the bottom of the first trench 33a becomes less than
the thickness of the passivation layer 34 formed on the bottom
of the second trench 335.

Then, the type of gas mtroduced into the etching chamber
2 1s changed by adjusting the gas tlow rate using the first and
second MFCs 4a and 4b so that SF6 gas can be introduced
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into the etching chamber 2. Further, at the same time, the RF
power of the plasma RF power source 8 1s set to a second
value necessary for the etching step, and the RF power of the
bias RF power source 9 1s set to a setting value B1 that 1s
greater than the removal threshold TR. Thus, SF6 gas 1is
converted into plasma so that SFx™ can be produced. In this
way, the passivation layer removal sub-step of the etching
step 1s performed so that the passivation layer 34 on the
bottoms of the first and second trenches 33a and 335 can be
removed.

During the passivation layer removal sub-step, the inten-
sity of the emission peak derived from F radical 1s monitored
to detect that the emission intensity decreases below a prede-
termined threshold. The fact that the emission intensity
decreases below the predetermined threshold indicates that
although the passivation layer 34 on the bottom of the first
trench 33a 1s completely removed, the passivation layer 34 on
the bottom of the second trench 335 remains. Upon detection
that the emission intensity decreases below the predeter-
mined threshold, the RF power of the bias RF power source 9
1s reduced to a setting value B2 that 1s less than the removal
threshold TR. Since the bias RF power 1s less than the removal
threshold TR, the passivation layer 34 on the bottom of the
second trench 335 cannot be removed any more. In this way,
the S1-etching sub-step of the etching step 1s performed so that
the S1 layer at the bottom of only the first trench 33a can be
removed. As a result, the depth of only the first trench 33a 1s
increased.

After the Si1-etching sub-step of the etching step 1s contin-
ued for a predetermined period of time, the etching process
returns to the passivation step by changing the type of gas
introduced into the etching chamber 2, by setting the RF
power of the plasma RF power source 8 to the first value
necessary to form the passivation layer 34, and by setting the
RF power of the bias RF power source 9 to zero. During the
etching process, the passivation step and the etching step are
alternately and repeatedly performed every predetermined
period of time. Thus, the depth of the first trench 33a 1s
increased prior to the depth of the second trench 335 so that
the reverse RIE-lag can be caused.

FIG. 7A 1s a diagram 1illustrating the first and second
trenches 33a and 335 formed by the reverse RIE-lag etching
process 1n which the bias RF power i1s controlled. FIG. 7B 1s
a diagram 1llustrating the first and second trenches 33a and
33b6 formed by the normal etching process in which the bias
RF power 1s not controlled. In an example shown in FIGS. 7A
and 7B, the width of the first trench 334 1s 0.5 micrometers

(um), and the width of the second trench 335 1s 40 um. It 1s
noted that only a left half of the second trench 335 1s shown in
FIGS. 7A and 7B. As can be seen from FIG. 7B, when the first
and second trenches 33a and 335) are formed by the normal
etching process, the normal RIE-lag occurs so that the depth
ol the second trench 3356 can become greater than the depth of
the first trench 33a. In contrast, as can be seen from FIG. 7A,
when the first and second trenches 33a and 335 are formed by
the reverse RIE-lag etching process, the reverse RIE-lag 1s
caused so that the depth of only the first trench 33a can be
increased without increasing the depth of the second trench
335.

As described above, according to the first embodiment,
although the first trench 33a 1s narrower than the second
trench 335, the first trench 33a can be deeper than the second
trench 335 by causing the reverse RIE-lag. Further, according
to the first embodiment, the reverse RIE-lag 1s caused based
on the fact that the thickness of the passivation layer 34
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tormed on the trench 33 depends on the width of the trench 33.
That 1s, the reverse RIE-lag can be caused by only one type of

passivation layer.

Theretfore, even when the trench 33 has a high aspect ratio,
the trench 33 can be formed while preventing silicon needles
(1.e., so-called “Black silicon”). Further, since there 1s no need
to form two different types of passivation layers, an increase
in the manufacturing time can be prevented. Thus, the depths
of the trenches 33 having different widths can be controlled
independently without the increase in the manufacturing
time.

Specifically, the normal RIE-lag can be prevented by com-
bining the reverse RIE-lag etching process and the normal
ctching process at a predetermined time ratio. Further, by
adjusting the time ratio between the reverse RIE-lag etching
process and the normal etching process, the depths of the first
trench 33a and the second trench 335 can be controlled inde-
pendently. Thus, the depth of the first trench 33a can be made
equal to, less than, or greater than the depth of the second
trench 335, despite the fact that the width of the first trench
33a 1s less than the width of the second trench 3354.

In a conventional technique, the bias RF power 1s increased
only at the mitial stage of the etching step. However, the
passivation layer 1s formed by a CVD, the thickness of the
passivation layer formed on the bottom of the trench depends
on the aspect ratio of the trench. That 1s, as the depth of the
trench increases (1.€., as the etching progresses, the thickness
of the passivation layer formed on the bottom of the trench
decreases. Further, as the width of the trench 1s smaller (i.e.,
as the aspect ratio of the trench 1s higher), the thickness of the
passivation layer formed on the bottom of the trench 1s
smaller. Therefore, the time required to remove the passiva-
tion layer on the bottom of the trench can vary depending on
the aspect ratio of the trench.

In the conventional technique, the period where the bias RF
power 1s 1ncreased 1s {ixed (1.e., only at the initial stage of the
ctching step) without taking into considerations the etching
progress and the width difference. Therefore, the conven-
tional technique has only a limited effect on preventing the
normal RIE-lag.

In contrast, in the method according to the first embodi-
ment, the bias RF power 1s feedback-controlled by monitor-
ing the plasma light emission. In such an approach, the bias
RF power can be accurately controlled based on when the
passivation layer on the bottom of the trench 1s removed.
Theretore, the reverse RIE-lag can be caused for any trench
pattern so that the normal RIE-lag can be prevented.

Second Embodiment

A second embodiment of the present invention 1s described
below with reference to FIGS. 8 and 9. A difference between
the first and second embodiments 1s as follows.

According to the second embodiment, the passivation layer
34 remaining on the bottom of the second trench 335 1s
removed during the etching of the first trench 33a so as to
prevent the passivation layer 34 on the bottom of the second
trench 335 from becoming too thick due to repetitions of the
ctching processes. This can be achieved based on the relation-
ship between the bias RF power of the bias RF power source
9 and the etching rate.

FIG. 8 1s a diagram 1illustrating a relationship between the
bias RF power, the normalized etching rate, and a bias RF
power setting value according to the second embodiment of
the present invention. The relationship between the bias RF
power and the normalized etching rate shown 1n FIG. 8 1s the
same as that shown in FIG. §.
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As shown in FIG. 8, when the bias RF power 1s less than the

removal threshold TR, the removal of the passivation layer 34
1s not performed. In contrast, even when the bias RF power 1s
less than the removal threshold TR, the Si-etching 1s per-
formed.

According to the first embodiment, the bias RF power 1s set
below the removal threshold TR during the Si-etching sub-
step. In such an approach, the first trench 33a can be etched
while preventing the passivation layer 34 on the bottom of the
second trench 335 from being removed.

In contrast, according to the second embodiment, the bias
RF power 1s set to a setting value B3 greater than the removal
threshold TR during the Si-etching sub-step. In such an
approach, the first trench 33a is etched while allowing the
passivation layer 34 on the bottom of the second trench 335 to
be removed. As the setting value B3 1s closer to the removal
threshold TR, the removal rate at which the passivation layer
34 on the bottom of the second trench 336 1s removed
becomes smaller. According to the second embodiment, the
setting value B3 1s set to a level that prevents the passivation
layer 34 on the bottom of the second trench 335 from being
completely removed within the remaining time of the present
ctching step.

FIG. 9 1s a diagram 1illustrating the etching amount and the
deposition amount at the bottoms of the first and the second
trenches 33a and 335 formed by the etching process accord-
ing to the second embodiment. As can be seen from FIG. 9,
when the etching step 1s started after the passivation layer 34
1s deposited on the bottoms of the trenches 33a and 335 in the
passivation step, the passivation layer 34 1s gradually
removed. Since the thickness of the passivation layer 34 on
the bottom of the first trench 33a 1s less than the thickness of
the passivation layer 34 on the bottom of the second trench
33b, the passivation layer 34 on the bottom of the first trench
33a 1s completely removed before the passivation layer 34 on
the bottom of the second trench 335 1s completely removed.
The Si-etching sub-step 1s started upon completion of the
removal of the passivation layer 34 on the bottom of the first
trench 33a.

The bias RF power 1s reduced to the setting value B3 upon
start of the Si-etching sub-step. The setting value B3 has a
level that prevents the passivation layer 34 on the bottom of
the second trench 3356 from being completely removed within
the remaining time of the present etching step. Therefore, as
shown 1n FI1G. 9, the passivation layer 34 on the bottom of the
second trench 336 1s not completely removed when the
present etching step 1s completed.

As describe above, according to the second embodiment,
the bias RF power 1s set to the setting value B3 greater than the
removal threshold TR during the Si-etching sub-step. In such
an approach, the first trench 33a 1s etched while allowing the
passivation layer 34 on the bottom of the second trench 335 to
be removed. Thus, 1t 1s possible to prevent the passivation
layer 34 on the bottom of the second trench 3356 from being
too thick due to repetitions of the etching processes. Further,
since the setting value B3 has a level that prevents the passi-
vation layer 34 on the bottom of the second trench 335 from
being completely removed within the remaining time of the
present etching step, the same effect as the first embodiment
can be obtained.

Third Embodiment

A third embodiment of the present invention 1s described
below with refterence to FIGS. 10 and 11. A difterence
between the second and third embodiments 1s as follows.
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According to the third embodiment, not only the removal
ol the passivation layer 34 on the bottom of the second trench
33/ but also the etching of the second trench 335 1s performed
during the etching of the first trench 33a. This can be achieved
based on the relationship between the bias RF power of the
bias RF power source 9 and the etching rate.

FI1G. 10 15 a diagram 1illustrating a relationship between the
bias RF power, the normalized etching rate, and a bias RF
power setting value according to the third embodiment of the
present mmvention. The relationship between the bias RF
power and the normalized etching rate shown 1n FIG. 10 1s the
same as that shown in FIG. §.

As can be seen from FIG. 10, the removal rate increases
with an increase 1n the bias RF power 1n the range exceeding,
the removal threshold TR. According to the third embodi-
ment, the bias RF power 1s set to a setting value B4 greater
than the removal threshold TR during the Si-etching sub-step.
In such an approach, the first trench 33a 1s etched while
allowing the passivation layer 34 on the bottom of the second
trench 335 to be removed. Specifically, the setting value B4
has a level that allows the passivation layer 34 on the bottom
of the second trench 3356 from being completely removed
within the present etching step. When the passivation layer 34
on the bottom of the second trench 335 1s completely removed
within the present etching step, the Si-etching of the second
trench 336 can progress during the remaining time of the
present etching step. Further, since the second trench 335 1s
wider than the first trench 334, the etching rate at the bottom
of the second trench 335 1s greater than the etching rate at the
bottom of the first trench 33a. Therefore, the etching amount
of the S1 layer at the bottom of the second trench 335 can be
made equal to the etching amount of the S1layer at the bottom
of the first trench 33a at the end of the present etching step by
adjusting the bias RF power.

FI1G. 11 1s a diagram illustrating the etching amount and the
deposition amount at the bottoms of the first and the second
trenches 33a and 335 formed by the etching process accord-
ing to the third embodiment. As can be seen from FIG. 11,
when the etching step 1s started after the passivation layer 34
1s deposited on the bottoms of the trenches 33a and 336 1n the
passivation step, the passivation layer 34 1s gradually
removed. Since the thickness of the passivation layer 34 on

the passivation layer 34 on the bottom of the second trench
33b, the passivation layer 34 on the bottom of the first trench
33a1s completely removed before the passivation layer 34 on
the bottom of the second trench 335 1s completely removed.
The Si-etching of the first trench 33a 1s started upon comple-
tion of the removal of the passivation layer 34 on the bottom

the bottom of the first trench 33« 1s less than the thickness of
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time from start of the Si-etching of the first trench 33a, the
passivation layer 34 on the bottom of the second trench 335 1s
completely removed so that the Si-etching of the second
trench 335 can be started.

As mentioned above, the etching rate at the bottom of the
second trench 336 1s greater than the etching rate at the
bottom of the first trench 33a. Therefore, a dilference
between the etching amount of the first trench 33q and the
ctching amount of the second trench 335 1s gradually reduced.
Theretore, the etching amount of the second trench 335 can
be made equal to the etching amount of the first trench 33q at
the end of the present etching step by adjusting the bias RF
power.

As describe above, according to the third embodiment, the
bias RF power 1s set to the setting value B4 greater than the
removal threshold TR during the Si-etching sub-step. In such
an approach, the first trench 33a 1s etched while allowing the
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passivation layer 34 on the bottom of the second trench 335 to
be removed. Further, since the setting value B4 has a level that
allows the passivation layer 34 on the bottom of the second
trench 335 from being completely removed within the present
etching step, the first and second trenches 33a and 335 can be
etched at the same time.

Fourth Embodiment

A fourth embodiment of the present invention 1s described
below. A difference between the fourth embodiment and the
preceding embodiments 1s as follows.

In the preceding embodiments, the etching process 1s
repeated. Therelfore, there 1s a possibility that the passivation
layer 34 on the bottom of the second trench 335 becomes too
thick due to repetitions of the etching processes. It may be
difficult to remove the too thick passivation layer 34 later.

To prevent such a problem, according to the fourth embodi-
ment, a passivation layer removal step for removing the pas-
stvation layer 34 1s performed, for example, every several to
several dozens of repetitions of the etching processes. In such
an approach, 1t 1s possible to prevent the thick passivation
layer 34 from becoming too thick. For example, 1n the passi-
vation layer removal step, oxygen gas 1s introduced into the
etching chamber 2 to induce oxygen plasma, and the oxygen
plasma 1s applied to the water 3 so that the polymer passiva-
tion layer 34 can be decomposed.

Fitth Embodiment

A fifth embodiment of the present invention 1s described
below with reference to FIGS. 12A and 12B, and 13A and
13B. A difference between the fifth embodiment and the

preceding embodiments 1s as follows.

FIG. 12A 1s a cross-sectional view illustrating the passiva-
tion step performed when three trenches 33a, 335, and 33c
having different widths are simultaneously formed. FI1G. 12B
1s a cross-sectional view illustrating the etching step per-
formed when the trenches 33a, 3354, and 33¢ are simulta-
neously formed. FIG. 13 A i1s a diagram 1llustrating a change
in the intensity of the emission peak dertved from, F radical
when the trenches 33a, 3356, and 33c¢ are simultancously
tformed. FIG. 13B 1s a diagram 1llustrating a change in the bias
RF power when the trenches 33a, 335, and 33c¢ are simulta-

neously formed.

As can be seen from FIGS. 12A and 12B, the width of the
second trench 335 i1s larger than the width of the first trench
33a, and the width of the third trench 33c¢ 1s larger than the
width of the second trench 3354. Therefore, the thickness of
the passivation layer 34 formed in the second trench 335
becomes larger than the thickness of the passivation layer 34
formed 1n the first trench 33a, and the thickness of the passi-
vation layer 34 formed 1n the third trench 33¢ becomes larger
than the thickness of the passivation layer 34 formed 1n the
second trench 335b. Therefore, the removal of the passivation
layer 34 1n the first trench 33a 1s completed before the
removal of the passivation layer 34 in the second trench 3356
1s completed, and the removal of the passivation layer 34 1n
the second trench 335 1s completed before the removal of the
passivation layer 34 in the third trench 33c¢ 1s completed. The
intensity of the emission peak derived from F radical (or C*
ion) steps down for the first time after the start of the etching
step, when the passivation layer 34 on the bottom of the first
trench 33a 1s completely removed. Then, the intensity of the
emission peak derived from F radical (or C™ 1ion) steps down
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tor the second time after the start of the etching step, when the
passivation layer 34 on the bottom of the second trench 335 1s

completely removed.

For example, 1f the bias RF power 1s reduced below the
removal threshold TR when the intensity of the emission peak
steps down for the second time, the first trench 33a and the
second trench 336 are etched while preventing the third
trench 33¢ from being etched, as shown in FIG. 12B. In
contrast, as indicated by a broken line 1n FIG. 13B, 11 the bias
RF power 1s reduced below the removal threshold TR when
the intensity of the emission peak steps down for the first time,
the first trench 33a 1s etched while preventing the second
trench 335 and the third trench 33¢ from being etched. Thus,
the reverse RIE-lag can be caused between the first trench 334
and the second trench 335 or between the second trench 3356
and the third trench 33c¢ by controlling when the bias RF
power 1s reduced below the removal threshold TR.

Theretfore, the normal RIE-lag can be prevented by com-
bining the reverse RIE-lag etching process and the normal
etching process at a predetermined time ratio. Further, by
adjusting the time ratio between the reverse RIE-lag etching
process and the normal etching process, the depths of the first
trench 33a, the second trench 3354, and the third trench 33c¢
can be controlled independently. Thus, the first trench 33a,
the second trench 335, and the third trench 33¢ can have the
same depth or different depths.

Sixth Embodiment

A sixth embodiment of the present invention 1s described
below with reference to FIGS. 14A and 14B. A difference
between the sixth embodiment and the preceding embodi-
ments 1s as follows.

FIG. 13 A 1s a diagram 1llustrating a change in the intensity
of the emission peak derived from F radical when M trenches
33 having different widths are simultaneously formed. FIG.
13B is a diagram 1llustrating a change 1n the bias RF power
when the M trenches 33 are simultaneously formed. It 1s
noted that “M” 1s a positive integer more than one.

The thickness of the passivation layer 34 formed in the
trench 33 having the (N+1 )th smallest width becomes larger
than the thickness of the passivation layer 34 formed 1n the
trench 33 having (N)th smallest width, where “N 1s a positive
integer less than “M”. As shown i FIG. 14A, when the M
trenches 33 are simultancously formed, the emission nten-
sity slightly steps down each time when the passivation layer
34 on the bottom of one trench 33 i1s completely removed.
Theretore, 11 the bias RF power 1s reduced below the removal
threshold TR when the intensity of the emission peak steps
down for the Nth time after the start of the etching step, the
trench 33 having the width greater than the (N+1)th smallest
width 1s not etched.

Thus, the reverse RIE-lag can be caused between the trench
33 having Nth smallest width and the trench 33 having (N+1)
th smallest width. Therefore, the same effect as the fifth
embodiment can be obtained by combiming the reverse RIE-
lag etching process and the normal etching process at a pre-
determined time ratio, even when there are M trenches 33
having different widths.

Inpractice, when M trenches 33 having different widths are
simultaneously formed, the intensity of the emission peak
derived from F radical may continuously change slightly as
shown 1 FIG. 15A. If the change 1n the emission intensity
may be detected as a smooth downward curve change not a
step down change, 1t 1s difficult to accurately determine that
the passivation layer 34 on the bottom of the trench 33 1s

completely removed.
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In such a case, as shown 1n FIGS. 15A, and 15B, the bias
RF power can be reduced below the removal threshold TR

alter a predetermined lapse time ot from when the emission
intensity decreases for the first time after the start of the
ctching step. In other words, the bias RF power can be
reduced below the removal threshold TR after the predeter-
mined lapse time ot from when the passivation layer 34 on the
bottom of the trench 33 having the smallest width 1s com-
pletely removed. For example, 11 the predetermined lapse
time ot corresponds to a period of time from when the passi-
vation layer 34 on the bottom of the trench 33 having the
smallest width 1s completely removed to when the passivation
layer 34 on the bottom of the trench 33 having the Nth small-
est width 1s completely removed, the reverse RIE-lag can be
caused between the trench 33 having Nth smallest width and

the trench 33 having (N+1 )th smallest width.

Seventh Embodiment

A seventh embodiment of the present invention 1is
described below with reference to FIGS. 16A and 16B, and

17A and 17B. A difference between the seventh embodiment
and the preceding embodiments 1s as follows.

In the preceding embodiments, there 1s no discussion on
when the etching process switches from the etching step to the
passivation step. In the seventh embodiment, the switch from
the etching step to the passivation step 1s controlled. In the
discussion below, the first embodiment 1s taken as an
example. It 1s noted that the seventh embodiment can be
applied to the second through sixth embodiments as well as
the first embodiment.

FIG. 16A 1s a diagram illustrating a change 1n the intensity
of the emission peak derived from F radical (or C* 10n) when
the first and second trenches 33aq and 336 having different
widths are simultaneously formed. FIG. 16B 1s a diagram
illustrating a change in the bias RF power when the first and
second trenches 33aq and 336 are simultaneously formed.
FIG. 17A 1s a diagram illustrating the first and second
trenches 33q and 335 at the time Ta shown 1n FIGS. 16 A and
168, and FIG. 17B 1s a diagram 1llustrating the first and
second trenches 33a and 335 at the time Tbh shown 1n FIGS.
16A and 16B.

As can be seen from FIGS. 16 A and 17A, the intensity of
the emission peak derived from F radical shightly decreases at
the time Ta. At the same time, the bias RF power 1s reduced to
one lower level. It 1s noted that the time Ta 1s when the
passivation layer 34 on the bottom of the first trench 33a 1s
completely removed so that the S1layer can be exposed to the
bottom of the first trench 33a. Then, as the etching step
progresses, the passivation layer 34 on a side wall of the first
trench 33a 1s gradually reduced. Then, the passivation layer
34 on the side wall of the first trench 33a 1s completely
removed at the time Tb so that the S1 layer can be exposed to
the side wall of the first trench 33a. The intensity of the
emission peak dertved from F radical gradually decreases
after the time Ta and becomes constant at the time Tb. The
etching process switches from the etching step to the passi-
vation step at the time Tb by setting the bias RF power to O
watt (W) and by switching the gas imntroduced into the etching
chamber 2 from SF6 gas to C4F8 gas. Then, after the passi-
vation step 1s continued for a predetermined period of time,
the etching process switches from the passivation step to the
etching step. Such sequences are repeated.

In such an approach, 1t 1s possible to prevent the Si layer
exposed to the side wall of the first trench 33a from being
removed by the etching step. In other words, 1t 1s possible to
prevent the width of the first trench 334 from being increased.
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Thus, etching anisotropy 1s improved so that the etching can
progress only 1 a depth direction of the first trench 33a.

Theretore, the first trench 33a can have a high aspect ratio.

(Modifications)

The embodiments described above can be modified 1n vari-
ous ways. For example, the embodiments can be applied to a
substrate other than a silicon substrate. For example, the
embodiments can be applied to form trenches having differ-
ent widths 1n an active layer 1n a SOI substrate. That 1s, the
embodiments can be applied to a substrate having a silicon
layer. In the case of the SOI substrate, since a buried oxide
layer of the SOI substrate can serve as an etching stopper, the
depths of trenches having different widths can be made equal
by performing etching until the trenches reach the buried
oxide layer. However, there 1s a time lag between the trenches
reach the buried oxide layer. The time lag may degrade etch-
ing anisotropy. Therefore, 1t 1s preferable that the reverse
RIE-lag etching process according to the embodiments be
applied to even the SOI substrate. In addition, the reverse
RIE-lag etching process according to the embodiments can
allow the depths of the trenches to be made equal, even when
the trenches do not reach the buried oxide layer.

In the embodiments, the switch from the from the passiva-
tion layer removal sub-step to the Si-etching sub-step 1s
detected based on the change 1n the intensity of the emission
peak derived from F radical. Alternatively, the switch from
the from the passivation layer removal sub-step to the Si-
ctching sub-step can be detected based on the change in the
intensity of the emission peak derived from C™ 10n. It 1s noted
that the intensity of the emission peak derived from C™ ion
gradually decreases during the etching step. Therefore, for
example, the switch from the from the passivation layer
removal sub-step to the Si-etching sub-step can be detected
by comparing the intensity of the emission peak derived from
C™ 1on with a threshold corresponding to when the passivation
layer 34 on the bottom of the trench 33 1s removed.

In the fourth embodiment, the passivation layer removal
step 1s performed after the passivation step and the etching
step are repeated multiple times. The fourth embodiment can
be applied to the fifth through seventh embodiments as well as
the first through third embodiments.

Such changes and modifications are to be understood as
being within the scope of the present invention as defined by
the appended claims.

What 1s claimed 1s:
1. A method of manufacturing a semiconductor device
comprising;

preparing a waler having a silicon layer on which a mask
havmg a plurality of openings 1s located, the plurality of
openings having M different widths, where M 1s a posi-
tive integer more than one;

placing the water in a chamber; and

forming a plurality of trenches simultaneously 1n the sili-
con layer of the water through the mask, the plurality of
trenches having M different widths defined by the plu-
rality of openings of the mask, wherein

the forming of the plurality of trenches includes alternately
and repeatedly performing a passivation step and an
ctching step,

the passivation step includes depositing a polymer passi-
vation layer on a side wall and a bottom of the plurality
of trenches by converting gas introduced 1n the chamber
into plasma,

the etching step includes removing the passivation layer on
the bottom of the plurality of trenches until the silicon
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layer 1s exposed to the bottom and applying reactive 1on
etching to the exposed silicon layer to increase a depth of
the plurality of trenches,

the etching step further includes setting incident 10n energy
for the reactive 1on etching to a predetermined energy
value when the passivation layer on the bottom of the
trench having the Nth smallest width 1s removed, where
N 1s a positive iteger less than M, and

the energy value allows the etching amount of the silicon
layer at the bottom of the trench having the Nth smallest
width to be equal to or greater than the etching amount of
the silicon layer at the bottom of the trench having the
(N+1)th smallest width within a remaining time of the
present etching step.

2. The method according to claim 1, wherein

the energy value allows the passivation layer on the bottom
of the trench having the (N+1)th smallest width to be
completely removed within the remaining time of the
present etching step.

3. The method according to claim 1, wherein

the energy value prevents the passivation layer on the bot-
tom of the trench having the (N+1)th smallest width to
be removed.

4. The method according to claim 1, wherein

the forming of the plurality of trenches includes performs-
ing a switch from the etching step to the passivation step
when the passivation layer on a side wall of the trench
having the smallest width 1s removed.

5. The method according to claim 1, wherein

the forming of the plurality of trenches includes detecting
when the passivation layer on the bottom of the trench
having the Nth smallest width 1s removed by detecting a
change 1n a waveform of an emission spectrum of the
plasma using an emission spectrometer.

6. The method according to claim 5, wherein

the wavelorm represents an intensity of an emission peak
derived from F radical or C* ion.

7. The method according to claim 1, wherein

the forming of the plurality of trenches further includes a
passivation layer removal step for removing the passi-
vation layer on the bottom of the plurality of trenches by
inducing oxygen plasma in the chamber and by applying
the oxygen plasma to the water, and

the passivation layer removal step 1s performed after the
passivation step and the etching step are repeated a plu-
rality of times.

8. A method of manufacturing a

comprising;

preparing a waler having a silicon layer on which a mask
havmg a plurality of openings 1s located, the plurality of
openings having M different widths, where M 1s a posi-
tive integer more than one;

placing the wafer 1n a chamber; and

forming a plurality of trenches simultaneously 1n the sili-
con layer of the water through the mask, the plurality of
trenches having M different widths defined by the plu-
rality of openings of the mask, wherein

the forming of the plurality of trenches includes alternately
and repeatedly performing a passivation step and an
ctching step,

the passivation step includes depositing a polymer passi-
vation layer on a side wall and a bottom of the plurality
of trenches by converting gas introduced 1n the chamber
into plasma,

the etching step includes removing the passivation layer on
the bottom of the plurality of trenches until the silicon

semiconductor device
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layer 1s exposed to the bottom and applying reactive 1on
ctching to the exposed silicon layer to increase a depth of
the plurality of trenches,

the etching step further includes setting incident 1on energy
for the reactive 10on etching to a predetermined energy
value after a predetermined lapse time from when the
passivation layer on the bottom of the trench having the
smallest width 1s removed, and

the energy value prevents the passivation layer from being
removed.

9. The method according to claim 8, wherein

the forming of the plurality of trenches includes perform-
ing a switch from the etching step to the passivation step
when the passivation layer on a side wall of the trench
having the smallest width 1s removed.

10. The method according to claim 8, wherein

the forming of the plurality of trenches includes detecting
when the passivation layer on the bottom of the trench
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having the smallest width 1s removed by detecting a
change 1n a waveform of an emission spectrum of the
plasma using an emission spectrometer.

11. The method according to claim 10, wherein

the wavelorm represents an intensity of an emission peak
derived from F radical or C™ 10n.

12. The method according to claim 8, wherein

the forming of the plurality of trenches includes a passiva-
tion layer removal step for removing the passivation
layer on the bottom of the plurality of trenches by induc-
ing oxygen plasma in the chamber and by applying the
oxygen plasma to the wafer, and

the passivation layer removal step 1s performed after the
passivation step and the etching step are repeated a plu-
rality of times.
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